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As reported previouslylO， the amounts of magnesium absorbed into 
root tissues of corn， sorghum and barley increase with increasing con-
centration of ambient calcium， even though the content of magnesium 
in the tops of these plants decreases. 
For further demonstra tion of the calcium eぽecton the apparent 
accerelation of magnesium uptake in plants， the relationship between 
the calcium effect and the concentrations of several macro帽nutr匂ntsin 
nutrient solutions was examined in the present investigation. That is， 
the present experiments were conducted to c1arify whether calcium in 
the nutrient solution direct1y or indirect1y induced the apparent accelera-
tion of magnesium uptake. 
MATERIALS AND METHODS 
Using corn plants (Zea mays L.， cv. Nagano 1)， solution culture 
experiments were carried out with two to four replications in a simple 
air-conditioned greenhouse. 
As shown in Table 1， basal， ammonium-type and nitrate-type nutrient 
solutions were used. Two calcium levels (0. 25 and 5.0， or O. 25 and 
2.0 mM) in nutrient solutions were used. 
To maintain a stable pH condition or mineral composition of the 
nutrient solution， a large pot (1/2，000 ares) was used， and the planting 
density was one plant per pot. This condition wi1 be abbreviated as 
• thin planting density' hereafter. A somewhat thick planting density 
(two plants per 1/5，000 ares pot) was used in other treatments， and 
wi1 be called • thick plan ting densi ty' hereafter. 
At the thin planting density， iron deficiency appeared frequently at 
the early stage of growth， right after transplantation， even in the am-
monium-containing nutrient solutions. To prevent such iron deficiency， 
the solution pH during the first week after transplantation was adjusted 
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TABLE 1. Composition of nutrient solution 
N， P， K composition 
1. Basal nutrient solution事
[NH.-N 1 mM+NO.-N 4 mMJ 
KNO. 4.0mM 
NH.H2PO. 1. 0 
2. Ammonium-type nutrient solution 
[NH.-N 5 mMJ 
(NH.)zSO. 2. 5 mM 
KH2PO. 1.0 
K2SO. 1. 5 
3. Nitrate-type nutrient solution 
[NO.-N 5mMJ 
KNO. 4.0mM 
NaNO. 1.0 
NaHzPO. 1.0 
Composition of the other nutrients 
CaCl. 0.25 and 5.0mM帥
MgSO. 1.0mM 
Fe 1.0 ppm柿$
B 0.5 
Mn 0.5 
Zn 0.05 
Cu 0.02 
Mo 0.01 
pH紳紳
5.5 (Basal and NH.-type nutrient solution) 
4.5 (NO.-type nutrient solution) 
• Regular composition of nutrient solution. 
紳 Insome cases， calcium levels were 0.25 and 2.0 mM. 
判事 Ironwas added every other day as citrate. 
材料Setpoints of solution pH without special notice. 
to 4.5. In the ammonium司containingnutrient solutions， the solution pH 
was raised to 5.5 thereafter， whi1e the solution pH for the nitrat-typee 
nutrient solution was kept at 4.5 unti1 the harvest day. Solution pH 
was re-adjusted to the set pH every other day for the first ten-day 
period， then the frequency of pH adjustment was increased to one to 
two times per day. To maintain a stable composition， the nutrient 
solution was renewed every three or four days after the second week 
or later. The above careful treatment was taken only for the thin 
planting density plots*. 
In the thick planting density plots， the solution pH was adjusted 
every other day to 5. 5 for the ammonium-containing nutrient solutions 
and to 4.5 for the nitrate-type nutrient solution， and the nutrient solution 
was renewed once a week. 
The solution pH was measured with a portable pH meter， and 
adjusted with a 0.2 N solution of sodium hydroxide or hydrochloric 
acid. 
• The complicated and laborious processes or the thin planting density were undertaken 
for the stabilization of solution pH， because al the culture experiments in this paper 
were carried out before the development of the apparョtusfor automatic pH control 
of the solution culture as reported elsewhere山.
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Nitrate concentration in the nutrient solution was determined by 
the ultraviolet absorption method3). The contents of magnesium， potas-
sium and calcium in plants or in nutrient solutions were determined by 
the atomic absorption spectrophotometry. 
Average pH values， shown in this paper， were calculated using the 
converted molar concentra tion of hydrogen ions from pH values. 
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RESUL TS AND DISCUSSION 
1. Effect 01 Ambient Calcium on the Growth 01 Corn or on the Change 
in the Concentration 01 Several Macro・Nutrients(A Preliminary 
Experiment) 
Corn plants were grown for 18 days (from 25th August to 12th 
September) at the thick planting density using the basal nutrient solution. 
Changes of solution pH and concentrations of nitrate remaining in the' 
medium were measured during the last week from 11 to 18 days after 
the transplan ta tion. 
The pH of the nutrient solution decreased right after the renewal， 
and then increased quickly after the ammonium ions were used up as 
shown in Fig. 1. This figure shows that the change in the pH of the 
nutrient solution containing a high concentration of calcium occurred 
earlier than at a low calcium leve1. 
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FIG. 1. Effect of calcium on pH change of nutrient solution 
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The decrease in the concentration of nitrate ions in the nutrient 
solution at each calcium level during the last week and the growth of 
the corn plants are shown in Fig. 2 (a) and (b). A higher concentration 
of ambient calcium brought about a rapid decrease in the nitrate con-
centration. 
The concentration of potassium， phosphorus， magnesium and calcium 
remaining in the medium on the harvest day， three days after the 
renewal， are shown in Table 2. The tendency of these nutrients to 
decrease was found to be simi1ar to that of nitrate. 
The rate of pH change and the decrease in the concentration of 
nutrients relate partially to the interactions between nutrient ions which 
may be affected by the calcium leve1. But the main cause for the 
different rates of pH change and decrease of several nutrients shown 
in this experiment seems to be the di旺erencein plan t growth as shown 
in Fig. 2 (b). 
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TABLE 2. Effect of calcium on decreasing rates of several 
macro-nutrients 
Cal+ Mt+ 
1.0mM 
H2PO.-
1.0mM 
K令
4.0mM (Set concentration) 
0.20mM 
1. 61 
0.81 mM 
0.68 
0.57mM 
0.31 
0.73mM 
0.01 
0.25mM 
2.。Ca 
The data show the concentrations of residual nutrients on the harvest day， 3 days 
after the last renewal of nutrient solution. 
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The effect of different concentrations of hydrogen ions or macro-
nutrients in culture solution on the apparent acceleration of magnesium 
uptake by ambient calcium was next studied. That is， the e百ectof 
hydrogen， ammonium， nitrate and potassium ions on the calcium e旺ect
were examined because the changes in their concentration in the nutrient 
solution are rapid as compared with the other constituents. 
2. Effect 01 Hydrogen Ion Concentration on the Apparent Acceleration 01 
Magnesium U ptake by Ambient Calcium 
To ascertain the possibi1ity of di百erencesin the course of pH change 
on the apparent acceleration of magnesium uptake by ambient calcium， 
solution culture experiments were conducted for 19 days (from 20th 
June to 9 th July) at the thin planting density using the basal nutrient 
solution at pH 5.5， 5.0 and 4.5. To keep the pH relatively constant， 
pH was adjusted twice a day for the last few days. 
A pH higher than 5.5 was not used here because it was reported 
to cause severe iron deficiency in corn plants15). At the same time， 
plants were grown at the thick planting density at the set pH of 5.5. 
Magnesium content in corn roots at three levels of solution pH and 
the growth of plants are shown in Fig. 3 (a) and (b). At any pH 
level， a higher calcium level resulted in a higher content of magnesium 
in the roots， though plant growth was not always vigorous at the higher 
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roots (a) and growth (b) of corn plants. 
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40 M. Moritsugu and T. Kawasaki 
calcium leveL Therefore， the calcium effect on the content of root 
magnesium seems to be unchanged over the range of pH 4. 5 to 5. 5. 
The results obtained with the plants grown at a thick planting density， 
and those obtained at a thin planting density were simi1ar though the 
change in solution pH were more in the former. 
TABLE 3. Changes in solution pH for the last two days before harvest. 
Set Ca 18th* 
17th* 19th* pH concen t ration a.ロ1. p.m. 
4.5 0.25 mM (4.6)紳 4.2 (4.7)柿 4.3 (4.6)帥 4.3 
5.0 (4.6) 4.5 (4.6) 4.5 (4.6) 4.2 
5.0 0.25 (5.3) 4.6 (5.3) 4.5 (5.3) 4.5 
5.0 (5.3) 4.5 (5.3) 4.3 (5.3) 4.2 
5.5 0.25 (5.8) 4.6 (5.8) 4.2 (5.8) 4.3 
5.0 (5.7) 5.2 (5.7) 4.7 (5.7) 4.5 
* Days after transp1ant. On 19th day， p1ants were harvested. 
柿 Numbersin parentheses show adjusted pH va1ue. The adjusted va1ues of pH 
were somewhat e1evated as compared with those of set pH， for the good agree-
ment of set pH and the range of actua1 pH change between the 1ast and the next 
pH adjustments. 
There are some contradictory reports about the effect of pH or 
hydrogen ion concentration on the uptake of cations; (a) the effect is 
small in the range of pH between 4 and 92九and(b) the effect is severely 
depressi ve7.9.l2). 
As shown in Table 3， solution pH during the last two days of this 
experiment could be kept within the pH range of 4 to 9， i.e.， the pH 
range referred to (a). But it was difficult to maintain the solution pH 
within 1. 0 of the designated value throughout the experimental period 
especially a t the highest pH plot， even though the pH for the thin 
planting density plots was adjusted two times a day. 
3. Effect 01 Ammonium and Nitrate on the Attarent Acceleration 01 
Magnesium Uttake by Ambient Calcium 
Corn plants were grown in the ammonium-and nitrate-type nutrient 
solutions at the thin and thick planting densities for 19 days (from 19th 
May to 7th ]une). The e百ectsof both nitrogen forms on the calcium 
effect were evaluated by the comparison of magnesium content in corn 
roots and plant growth between ammonium-and nitrate-type nutrient 
solutions. 
The content of magnesium in corn roots， as affected by calcium and 
nitrogen sources， are shown in Fig. 4 (a). It is c1ear that the higher 
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calcium level raised the root magnesium content in every pair of calcium 
treatment with the same nitrogen source， whi1e the growth of the plants 
at each calcium level was simi1ar as shown in Fig. 4 (b). 
At both levels of calcium treatment， the biggest difference in the 
magnesium content in the corn roots was found in the nitrate-fed plants 
grown at the thick planting density. Therefore， the large difference in 
the nutrient concentration and pH values due to the thick planting density 
might intensify the effect of calcium on the magnesium content in corn 
roots. 
The apparent acceleration of magnesium uptake by calcium was seen 
in the plants grown at the thin planting density， although the difference 
between the magnesium content at the two calcium levels was smaller 
than that in the plants grown at the thick planting density. 
The roots of nitrate-fed plants grown at the thick planting density 
contained abundant magnesium as compared with those of ammonium-
fed plants. This seems to have been caused by (a) the competitive 
effect of ammonium ion to magnesium in the ion uptake process..6. 10. 16う
(b) the accelerated uptake of cations in the nitrate-type nutrient solu-
tion1ふ 17)， and (c) the depression of magnesium uptake by potassium or 
hydrogen ions4•1I.12) which is remained or produced more abundant1y in 
the ammonium-type nutrient solution than in the nitrate-type nutrient 
solution. 
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In general， the pH of the ammonium-type nutrient solution decreases， 
and that of nitrate-type nutrient solution increases during plant cultiva-
tion. Therefore， ifthe solution pH of both nitrogen treatments is 
initially adjusted to the same value， e.g.， 5.5， the pH in the two types 
of nutrient solutions wi1 make a big difference. 
To minimize the change in solution pH between the plots of both 
nitrogen treatments and to prevent iron deficiency in nitrate-fed plants， 
the pH for the nitrate-type nutrient solution at the thin planting density 
was kept between 4.5 and 4.0 in this experiment， according to the 
range of pH decrease in the ammonium-type nutrient solution. 
The effect of solution pH on the apparent acceleration of magnesium 
uptake by calcium is not so remarkable as shown in the preceding 
experiment (Fig. 3 and Table 3)， and the observed di宜erencein the pH 
values between the two calcium levels at the thin planting density plots 
within the same nitrogen treatment was less than 0.2 throughout ex-
perimental period. Therefore， the root magnesium contents can be 
compared between high and low calcium treatments at the thin planting 
density plots in each nitrogen supply. 
. From this standpoint， the calcium effect on the apparent acceleration 
of magnesium uptake in corn plants is c1ear both for the ammonium 
supply and also for the nitrate supply. In other words， the calcium 
effect is thought to be independent of the nitrogen source. 
4. Effect 01 Potassium on the Apparent Acceleration 01 Magnesium Uptake 
by Ambient Calcium. 
Culture experiments using basal nutrient solution were carried out 
for 16 days (from 14th September to 2nd October) at the thin planting 
density. Potassium levels were 1.0， 4.0 and 10.0 mM， and calcium 
levels were O. 25 and 5. 0 mM. 
Magnesium content of corn roots at several potassium and calcium 
levels are shown in Fig. 5 with the corresponding plant growth. Fig. 5 
(a) shows that the higher calcium level increased the contents of mag-
nesium in corn roots at every potassium level， and the magnesium 
contents were c1early reduced at higher potassium levels. This might 
be caused by the suppressive effect of potassium on magnesium uptake4，ll). 
The plant growth shown in Fig. 5 (b) was simi1ar at each calcium level 
and it was not affected with the difference in magnesium content. 
The percent residual potassium in the nutrient solution at each 
potassium level on the harvest day is indicated in Fig. 6. In general， 
the final potassium concentration in the nutrient solution decreased at 
higher calcium levels than at low calcium levels， owing to the vigorous 
plant growth in calcium-rich nutrient solution as is shown in Table 2 
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and Fig. 2 (b). But， in this experiment， simi1ar decreasing rates of 
potassium concentrations were seen between both calcium treatments 
except for the lowest potassium supply as shown in Fig. 6. Furthermore， 
the decrease in the potassium concentration for the last two days was 
almost insignificant at the highest potassium leve1. Even at this condi-
tion， the higher calcium level brought about a higher magnesium content 
in the corn roots as indicated in Fig. 5 (a). This means that the calcium 
effect on the apparent acceleration of magnesium uptake in corn plants 
is independent of the level of potassium in the nutrient solution. 
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The concentration of several nutrients (except potassium) remaining 
in the medium on the harvest day are shown in Table 4. The difference 
in the concentrations of these nutrients remaining in the medium be-
tween the two calcium levels in this table was lower than that shown in 
Table 2. This means that the experimental condition is considerably 
stabi1ized and improved at the thin planting density and by the frequent 
renewal of nutrient solution. 
Table 5 shows the transport ratios and the average contents of 
magnesium or the magnesium contents in sh∞ts of corn plants under 
T ABLE 4. Effects of calcium and potassium on pH changes and 
decreasing rates of macro-nutrients. 
Set concentration 4.NO rOnsM - 1H.0 zPmOM f MF Ca
2• 。fnutrients 1.0mM 
K(1m.0 M) CM0.m25 M) 2.33 0.93 0.96 0.24 4.6 
5.0 2.ω 0.91 0.96 4.74 4.3 
4.0 0.25 3.69 0.91 0.98 0.24 4.5 
5.0 3.63 0.91 0.99 4.77 4.6 
10.0 0.25 3.77 0.93 0.97 0.24 4.5 
5.0 3.67 0.92 0.97 4.75 4.5 
The data were taken from the experiment in Fig. 5. They show the concentrations 
of residua1 macro-nutrients on the harvest day， 2 days after the 1ast renewa1 of 
nutrient solution. 
T ABLE 5. Effects of calcium and potassium on transport ratio and 
average content of magnesium or magnesium content of shoots 
in corn plants. 
Treatment 
Ca 0.25 mM 
5.0 
Ca 0.25 mM 
5.0 
Ca 0.25 mM 
5.0 
K 1.0mM K 4.0mM K 10.0mM 
Transport ratio of magnesium (%戸
69.4 70. 5 80. 5 
49.6 54.8 57.7 
Average content of magnesium (p.mo1esjg D. M.)柿
182.8 138.2 133.3 
131. 2 101. 1 95.6 
Magnesium content of shoots (μmo1esjg D. M.) 
166.2 130.8 144.0 
83. 6 70. 7 74. 9 
• Transport ratio (T. R.) of magnesium was ca1cu1ated from following formu1a. 
T. R.(%)=1∞x Mg amount in shootsjTota1 amount of Mg (Shoots+ Roots) 
•• Average content of magnesium was calculated from following formu1a. 
Average content of Mg=Tota1 amount of Mg (S+R)jTota1 dry weight (S+R) 
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several potassium and calcium levels. The transport of magnesium from 
roots to shoots decreased with increasing calcium concentration， and 
relative uptake of magnesium， i.e.， average magnesium content， was 
also depressed together with magnesium content in shoots by a higher 
ambient concentration of calcium as described previously10. 
For further demonstration， the transport ratios and average content 
of magnesium in the preceding experiments related to solution pH and 
nitrogen sources are shown in Tables 6 and 7. 
TABLE 6. Effects of calcium and solution pH on transport ratio 
and average content of magnesium in corn plants. 
Treatment 
Ca 0.25 mM 
5.0 
Ca 0.25mM 
5.0 
pH 4.5 
76.7 
47.9 
pH 5.0 pH 5.5 
Transport ratio of magnesium (%)柿
75.7 74.0 
50.4 51. 8 
pH 5.5ホ
73.5 
51. 7 
A verage content of magnesium (μmoles/g D. M.)柿
117.5 124.7 122.3 141. 0 
101. 0 94.1 102.1 112.0 
* This shows the case of thick planting density. 
* See Table 5. 
TABLE 7. Effects of calcium and nitrogen sources on transport ratio 
and average content of magnesium in corn plants. 
Planting density 
Nitrogen source 
Ca 0.25mM 
5.0 
Ca 0.25mM 
5.0 
* See Ta ble 5. 
Thick planting density Thin planting density 
NH: NO.- NH，. NO.-
Transport ratio of magnesium (%)* 
76.9 72.6 74.3 74.2 
69.8 47.9 58.9 57.0 
Average content of magnesium (μmoles/g D. M.)* 
118.1 187.1 187.0 159.0 
127.4 150.4 127.1 105.9 
From these tables， itis c1ear that the transport ratios are always 
low at higher calcium levels. This means that the competition between 
calcium and magnesium during uptake on the surface of the roots is 
less than that during the translocation from root to shoot in corn plants. 
The difference of depressive effect of calcium in the uptake and transport 
of magnesium seems to be an important cause of the calcium effect on 
the retention of magnesium in corn roots. 
46 M. Moritsugu and T. Kawasaki 
As is c1ear from Table 5， the changes of the average content of 
magnesium and the magnesium content in shoots due to the decrease 
in the ambient potassium level were different from the change caused 
by the increase in the ambient calcium leve1. Also， the calcium effect 
on magnesium content in corn roots was not so remarkable at a low 
potassium level as shown in Fig. 5 (a). Therefore， the increase in 
the root magnesium content caused by a low ambient potassium content 
seems to have no direct connection with the increase of root magnesium 
by a higher ambient calcium leve1. In other words， a low potassium 
level caused by a higher calcium supply seems not to be the main cause 
of the calcium effect on the apparent acceleration of magnesium uptake 
in corn plants， though the remarkable calcium effect on root magnesium 
content found at the thick planting density seemed to be due to an 
additional effect of the low ambient potassium， or a rapid decrease of 
nutrients. 
SUMMARY 
The magnesium content in corn roots increased with increasing 
concentration of calcium in the nutrient solution， though that in the 
shoots decreased under this condition. On the other hand， the decrease 
of nutrients by the absorption of plants was accelerated by increasing 
concentration of calcium in the nutrient solution. To ascertain the 
influence of several nutrients on the apparent acceleration of magnesium 
uptake by ambient calcium， the effect of pH and amount of ammonium， 
nitrate or potassium on the calcium effect were examined by solution 
culture. 
To minimize the pH change and the decreasing rate of nutrients 
by the absorption of plants， the thin planting density (one plant per 
1/2，000 ares pot) and increased frequency of renewal of nutrient solution 
and of pH adjustment were used. The following results were obtained. 
1. Although the pH in a calcium-rich nutrient solution changed 
earlier than that in the calcium-poor solution， the apparent accelerative 
effect of ambient calcium on magnesium uptake in corn plants was 
independent of this difference in pH change at the high and low calcium 
levels. That is， the apparent acceleration of magnesium uptake in corn 
plants by calcium seems to have no direct connection to the pH of 
nutrient solutions in the range between 4.5 and 5.5. 
2. Ambient nitrate or ammonium decreases rapidly in the calcium-
rich nutrient solution as compared with those in the calcium田poorsolution， 
but the apparent accelerative effect of ambient calcium on the uptake 
of magnesium was found in both ammonium-and nitrate-type nutrient 
solutions. Therefore， the apparent acceleration of magnesium uptake 
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by calcium has no direct relation to ammonium or nitrate ions. 
3. Low concentrations of ambient potassium increased the magnesium 
content in corn roots， and higher concentrations of ambient calcium 
resulted in a rapid decrease of potassium content. However， higher 
concentrations of ambient calcium brought about higher contents of 
magnesium in the roots， even when the potassium concentration was 
high， that is， the decrease in the potassium concentration caused by 
absorption of plants was insignificant. Therefore， the apparent accel-
eration of magnesium uptake by ambient calcium can not be explained 
only by the rapid decrease of potassium in the calcium-rich nutrient 
solution. 
In conc1usion， the effect of a difference in the change of solution pH 
or a rapid decrease in the macro-nutrients caused by a higher ambient 
calcium level seems to be indirect to the apparent acceleration of mag-
nesium uptake in corn plants. That is， the effect of ambient calcium 
is essential for the apparent acceleration of magnesium uptake in corn 
plants. Furthermore， the apparent acceleration of magnesium uptake 
seems to be caused by less competition between calcium and magnesium 
during the process of uptake in roots as compared with that during 
the process of translocation from roots to shoot. 
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